Fok I restriction endonuclease recognizes the nonpalindromic pentadeoxyribonucleotide 5'-GGATG-3'-5'-CATCC-3' in duplex DNA and cleaves 9 and 13 nt away from the recognition site. Recently, we reported the presence of two distinct and separable domains within this enzyme: one for the sequence-specific recognition of DNA (the DNA-binding domain) and the other for the endonuclease activity (the cleavage domain). Here, we report the construction of a chimeric restriction endonuclease by lnking the Drosophila Ultrabithorax homeodomain to the cleavage domain (FN) of Fok I restriction endonuclease. The hybrid enzyme, Ubx-FN, was purified, and its cleavage properties were characterized. The hybrid enzyme shows the same DNA sequence-binding preference as that of Ubx; as expected, it cleaves the DNA away from the recognition site. On the 5'-TTAATGGTT-3' strand the hybrid enzyme cleaves 3 nt away from the recognition site, whereas it cuts the complementary 5'-AACCATTAA-3' strand 8, 9, or 10 nt away from the binding site. Similarly engineered hybrid enzymes could be valuable tools in physical mapping and sequencing of large eukaryotic genomes.
We have undertaken a detailed study of the Fok I restrictionmodification (R-M) system from Flavobacterium okeanokoites. Fok I is a member of the type HS class (1) . Unlike other type II restriction enzymes, which have the cleavage site within or adjacent to their recognition sites, the type HS enzymes cleave double-stranded DNA at precise distances from their recognition site (2) . The Fok I endonuclease recognizes the nonpalindromic pentadeoxyribonucleotide 5'-GGATG-3'-5'-CATCC-3' in duplex DNA and cleaves 9 and 13 nt away from the recognition site (2) . This implies the presence of two separate protein domains: one for the sequence-specific recognition of DNA and the other for the endonuclease activity. Once the DNA-binding domain is anchored at the recognition site, a signal is transmitted to the endonuclease domain, probably through allosteric interactions, and the cleavage occurs.
Our studies on proteolytic fragments ofFok I endonuclease have defined an N-terminal DNA-binding domain and a C-terminal domain with nonspecific DNA-cleavage activity (3). These results have been confirmed by the study of C-terminal deletion mutants of Fok I endonuclease (4) . We have also shown that introduction of additional amino acid residues between the recognition and cleavage domains of Fok I can alter the spacing between the recognition site and the cleavage site of the DNA substrate (5) . Our studies indicate that the two domains are connected by a linker region, which appears to be amenable for repositioning of the DNA-sequence recognition domain with respect to the catalytic domain.
The modular structure of Fok I endonuclease suggests that it may be feasible to construct hybrid endonucleases with distinct sequence-specificities by linking other DNA-binding proteins, especially those that recognize sequences >6 bp to the cleavage domain of Fok I endonuclease. Most naturally occurring restriction enzymes recognize sequences that are 4-6 bp long. Although these enzymes are very useful in manipulating recombinant DNA, they are not suitable for handling large DNA segments. In many instances, it is preferable to have fewer but longer DNA strands, especially during genome mapping. So far, only -10 restriction endonucleases with recognition sequences >6 bp (rare cutters) have been identified (New England Biolabs catalog). R-M systems appear to have a single biological function-namely, to protect cells from infection by phage that would otherwise destroy them. The phage genomes are usually small. It stands to reason, then, that bacteria select for R-M systems with small recognition sites (4-6 bp) because these sites occur more frequently in the phages. Several independent strategies have been devised in the attempt to develop a facile method for the production and manipulation of large DNA segments (6) (7) (8) (9) (10) (11) (12) (13) . These strategies include RecA-assisted restriction endonuclease (RARE) cleavage (6), site-specific cleavage mediated by triple-helix formation (7), site-specific cleavage of duplex DNA by chemically cross-linking A repressor to staphylococcal nuclease (8) , and Achilles' heal cleavage (11) (12) (13) .
Our approach to generate the rare cutters (restriction enzymes that recognize sequences >6 bp) is rather straightforward. Because DNA-binding proteins that recognize sequences >6 bp exist in nature (e.g., zinc finger motifs, homeodomain motifs, POU domain motifs, and DNAbinding protein domains of A, lac repressors, cro, etc.), we reasoned that the obvious and logical next step is to fuse these DNA-binding domains to the C-terminal cleavage domain of Fok I and screen for active endonucleases with altered substrate specificity.
We chose the Ubx homeodomain of Drosophila as a representative of the helix-turn-helix motif proteins for fusion with the C-terminal cleavage domain of Fok I. The homeodomain is a 61-codon region of similarity in the sequences of several Drosophila genes that are important in embryonic development (14) . These sequences are highly conserved in many other genes from higher and lower eukaryotes. The homeodomain is sufficient for sequencespecific DNA-binding activity, even without the flanking polypeptide sequence. The homeodomains contain a helixturn-helix motifthat contacts the DNA in a way similar to the prokaryotic repressors. The three-dimensional structures of the Antennapedia (15) and Engrailed (16, 17) (FN) of Fok I; R-M, restriction-modification. *To whom reprint requests should be addressed.
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the DNA-sequence preferences of the homeodomains appear to be altered by amino acid changes in the recognition helix of the helix-turn-helix motifs. This result adds further support to the functional significance of the structural homology between the homeodomains. The Ultrabithorax homeodomain recognizes the 9-bp consensus DNA sites 5'-TTAAT(G/T)(G/A)CC-3' (18, 19) .
We describe here the construction of a chimeric restriction endonuclease by linking the Ubx homeodomain to the cleavage domain of Fok I. We also describe the purification and characterization of this hybrid enzyme.
MATERIALS AND METHODS The complete nucleotide sequence of the Fok I R-M system has been published (20, 21) . Experimental protocols for PCR have been described elsewhere (22) . The procedures for cell growth and purification of proteins using His-bind resin (23) is as outlined in the Novagen pET system manual. The protocol for SDS/PAGE is as described by Laemmli (24) .
Preparation of pUC13-Derived Substrate. pUC13-derived DNA substrates were prepared by blunt-end ligation of Sma I-cleaved pUC13 plasmid with 10-fold excess ofa 31-bp insert (5 '-GCGCTTAATGGfhTTTTTGCTTTTTGCTTTTTT-3'.5 '-AAAAAAGCAAAAAGCAAAAACCATTAA-GCGC-3') containing a known Ubx site, 5'-TTAATGGTT-3'. The inserted Ubx site was chosen on the basis of the original 7-bp consensus sequence 5'-TTAATGG-3' (18). This sequence has been subsequently revised to a 9-bp consensus sequence 5'-TTAAT(G/T)(G/A)CC-3' (19) . Several clones were picked, and their plasmid DNAs were analyzed for the presence of 31-bp inserts. Clones containing pUC13-1, pUC13-2, or pUC13-3, each with one, two, and three inserts, respectively, were identified. Their DNA sequences were confirmed by Sanger's dideoxynucleotide chain-termination sequencing method (25 OD6w unit of 0.5 and then induced for 2-3 hr with 1 mM isopropyl 3-D-thiogalactoside. The cells were harvested by centrifugation and then resuspended in 100 ml of binding buffer (5 mM imidazole/0.5 M NaCI/20 mM Tris HCI, pH 7.9). Cells were disrupted at maximum intensity on a Branson sonicator for 1 hr at 40C. Accurate determination of the hybrid enzyme in the crude extract was not feasible because of the low yield and the contaminating nonspecific nucleases of the cell. Therefore, only a qualitative description of the purification procedure ofthe hybrid enzyme is outlined here. The sonicated cells were centrifuged at 15,000 x g for 1 hr at 40C. The supernatant was filtered through a 0.45-pin filter and then loaded onto a His-bind column (2 ml). After being washed with 10 vol ofbinding buffer and 10 vol ofwash buffer (60 mM imidazole/0.5 M NaCl/20 mM Tris-HCI, pH 7.9), the column was eluted with 5 ml of eluate buffer (1 M imidazole/ 0.5 M NaCl/20 mM Tris HCl, pH 7.9). A PD-10 column (Pharmacia) was used to change the buffer of the eluted fractions to buffer A [10 mM Tris phosphate, pH 8.0/7 mM 2-mercaptoethanol/1 mM EDTA/10%o (vol/vol) glycerol]/ 0.2 M NaCl. This solution was then loaded onto a phosphocellulose column (Whatman) (4 ml). The column was washed with 16 ml of buffer A/0.4 M NaCl and eluted with 12 ml of buffer A/1 M NaCl. This eluate was then dialyzed against 500 ml of buffer A/0.2 M NaCl overnight at 4VC and loaded onto a SP-Sepharose (Pharmacia) column (3 ml). After being washed with 15 ml of buffer A/0.4 M NaCi, the column was eluted with a 40-ml total gradient of 0.4-1 M NaCl in buffer A. Fractions were analyzed by electrophoresis on 0.1% SDS/15% polyacrylamide gels. Proteins were stained with Coomassie blue (24) . Identity of the hybrid protein was confirmed by probing the immunoblot with rabbit antiserum raised against Fok I endonuclease. The restriction endonuclease activity of the fractions was assayed by using pUC13 as substrate. The hybrid enzyme Ubx-FN was purified to near-homogeneity with this procedure. In a control experiment, the crude extract ofa 1-liter culture ofE. coli BL21 (DE 3) [pET-iSb] cells, which does not contain the Ubx-FNinsert, was subjected to exactly identical purification procedure as described above. None of the fractions from the SPSepharose column exhibited any sequence-specific endonuclease activity or nonspecific nuclease activity. This result suggests that the nonspecific nucleases of the cell do not copurify with the hybrid enzyme.
RESULTS AND DISCUSSION
Co r of the Cllone Produdng the Hybrid Enzyme Ubx-FN Using PCR. The homeodomain of Ubx, a 61-amino acid protein sequence encoded by the homeobox of Ubx (14), is a sequence-specific DNA-binding domain with a structure related to helix-turn-helix motifs found in bacterial DNAbinding proteins (15) (16) (17) . The Ubx homeodomain recognizes the 9-bp consensus DNA sites 5'-TTAAT(G/TXG/A)CC-3' (18, 19) . We have used the PCR technique to link the Ubx homeodomain to the FN of Fok I and to express the Ubx-FN enzyme in Escherichia coli. A schematic representation of the engineered Ubx-FN hybrid protein is shown in Fig. 1 . The oligonucleotide primers used to construct the hybrid gene is shown in Fig. 2A follows: (i) the PCR-generated Ubx homeobox was digested with Pst I/Spe I and gel-purified. This fragment was then ligated into the Pst I/Spe I-cleaved vector pRRSfokIR containing a single Spe I site (5) to replace the DNA segment coding for the Fok I DNA-binding domain and hence, form the Ubx-FN hybrid gene (Fig. 2B) . This construct links the 61-amino acid Ubx homeodomain to the C-terminal 196-amino acids of Fok I that constitute the Fok I cleavage domain. After transfection of competent RR1 cells with the ligation mix, several clones were identified by restriction analysis, and their DNA sequences were confirmed by the dideoxynucleotide chain-termination method of Sanger et al. (25) . (ii) The hybrid gene was PCR-amplified using the Ubx-FN primers (shown in Fig. 2A) . The PCR-generated DNA was digested with Nde I/BamHI and gel-purified. This fragment was then ligated into the Nde I/BamHI-cleaved pET-15b vector (26) , which contains a T7 promoter for expression of the hybrid gene. This construct will tag the hybrid protein with six consecutive histidine residues at the N terminus. These residues serve as the affinity tag for purification of this protein by metal-chelation chromatography (23) with Novagen's His-bind resin. This histidine tag can be subsequently removed by thrombin (Novagen pET system manual). Competent BL21 (DE 3) cells (26) were transformed with the ligation mix, and several clones containing the recombinant DNA (Fig. 2B) were identified by restriction analysis. These clones appear to tolerate the hybrid protein, even though they do not contain a modification gene to protect them from chromosomal cleavage. This result could be attributed to the tight control exerted over the expression of the hybrid enzyme by the pET system, as well as to the efficient repair of the DNA damage by the DNA ligase within these cells. The host, BL21 (DE 3), contains a chromosomal copy of T7 RNA polymerase gene under lacUV5 control, and the expression is induced by addition of isopropyl P-Dthiogalactoside. After induction with 1 mM isopropyl f-Dthiogalactoside, the hybrid enzyme was purified to nearhomogeneity using His-bind resin, phosphocellulose, and S-Sepharose chromatography. The SDS/PAGE profile of the purified hybrid enzyme is shown in Fig. 3 (Fig. 4B, lane 3) . In these reactions the molar ratio of DNA was in large excess (:10- tures, it apparently has no effect on the properties of the hybrid enzyme (data not shown). Under these conditions, the linearized pUC13 DNA is cleaved into four fragments. The appearance of four distinct bands in the agarose-gel electrophoretic profile indicates that Ubx-FN binds DNA in a sequence-specific manner and there are two strong binding sites within the linearized pUC13 for the hybrid protein, because the four fragments can be divided into two sets; the total size of these fragments in each set adds up to that of the linearized pUC13 DNA substrate. There are also two weaker bands visible in the agarose-gel profile, indicating another weak binding site for Ubx-FN within pUC13.
The pUC13 derivatives were constructed by inserting a 31-bp DNA fragment containing a known Ubx recognition sequence 5'-TTAATGGTT-3' at the Sma I site of pUC13. Cleavage at the inserted Ubx site of the linearized pUC13 derivatives should yield =1.8-kb and O0.9-kb fragments as products. The agarose-gel electrophoretic profile of the partial digests of the substrates containing one, two, and three inserts, respectively, by Ubx-FN is shown in Fig. 4B (lanes  4-6) . The two additional fragments (--1.8 kb and~0.9 kb, respectively) could be explained as resulting from the binding of the hybrid protein at the inserted Ubx site of pUC13 and cleaving near this site. As expected, the intensity of these bands increase with the number of 31-bp inserts in pUC13. The two putative strong Ubx-binding sites in pUC13 and the inserted Ubx site are shown in Table 1 . All these sites have 5'-TAAT-3' as their core sequence; and these preferred sites are consistent with those reported for the Ubx homeodomain. The affinity ofUbx homeodomain for these sites is modulated by the nucleotide bases surrounding the core site. It appears that the hybrid protein does turn over because most DNA Proc. Natl., Acad Sci. USA 91 (1994) -I substrates in the reaction are cleaved. The cleavage is more specific at higher temperatures. Analysis of Cleavage Distance from the Recognition Site by the Hybrid Enzyme. To determine the distance of cleavage from the recognition site by Ubx-FN, the cleavage products of the 32P-labeled DNA substrates containing a single Ubx site were analyzed by PAGE (Fig. 5) . The digestion products were analyzed alongside the Maxam-Gilbert (G + A) sequencing reactions of the substrates (27) . As expected, the cut sites are shifted away from the recognition site. On the 5'-TTAATGGTT-3' strand Ubx-FN cuts the DNA 3 nt away from the recognition site (Fig. 5A) , whereas on the 5'-AACCATTAA-3' strand it cuts 8, 9, or 10 nt away from the recognition site. Analysis ofthe cut sites of Ubx-FN based on the cleavage of the DNA substrate containing a single Ubx site is summarized in Fig. SC . The cleavage occurs 5' to the 5'-TTAATGGTT-3' sequence and is consistent with the way the Ubx-FN hybrid protein was engineered (Fig. 1) .
Chimeric Restriction Endonucleases. Our work on Fok I endonuclease (a type IIS enzyme) revealed the presence of two distinct and separable domains within this enzyme: one for the sequence-specific recognition and the other for the endonuclease activity. The modular structure of Fok I suggested that it may be feasible to construct hybrid endonucleases with discrete sequence-specificities by linking other DNA-binding proteins to the cleavage domain of Fok I endonuclease. Therefore, our approach has been simple and direct. We have successfully engineered a chimeric restriction endonuclease by linking the Ubx homeodomain to the cleavage domain of Fok I. The hybrid protein, Ubx-FN, also shows nonspecific nucleolytic activity, especially at high MgCl2 concentrations. There appears to be no suppression of the catalytic domain by the recognition domain when not bound to DNA sites, as occurs in native Fok I enzyme. The nonspecific nuclease activity of the hybrid enzyme is, therefore, an inherent property of our present construct. However, we can control the nonspecific nuclease activity of the hybrid enzyme by reducing MgCl2 concentration. The Ubx homeodomain of the hybrid enzyme targets the protein to the appropriate site on the DNA. At low levels of MgCl2, we can coax the cleavage domain to cut near the binding site, while greatly reducing its nonspecific nuclease activity concomitantly. The hybrid enzyme, thus, still does not behave exactly like the naturally occurring restriction endonucleases. The allosteric coupling effect ofthe DNA-recognition domain and the cleavage domain of Fok I need to be studied in more detail. One approach would be to include more linker region of Fok I when hybrids are constructed. Alternatively, nuclease domain of the hybrid protein might be controlled by varying salt concentration, pH, and glycerol and by altering the metal-ion requirements of the enzyme.
It is possible that the type IIS endonucleases evolved by random fusions of the DNA-binding domains to nonspecific endonucleases. Over time, these proteins were probably further refined into sequence-specific type IIS endonucleases by acquiring the allosteric interaction between the recognition domain and the catalytic domain. Future experiments are necessary to refine the hybrid endonuclease by random mutagenesis into an enzyme that communicates between the DNA-binding domain and the catalytic domain. Such refinement should remove the nonspecific nuclease activity inherent in our present construct that is probably deleterious to the host cell.
Our initial success in engineering a chimeric restriction endonuclease is quite encouraging. This is an important step toward engineering "artificial" restriction enzymes with tailor-made sequence specificity. This approach offers us an opportunity to use the repertoire of all naturally occurring DNA-binding proteins to create additional restriction enzymes, the sole determinant of the specificity of such enzymes being the DNA-binding protein. These engineered hybrid endonucleases would greatly facilitate the manipulation and mapping of genomic DNA. Furthermore, these hybrids will provide valuable information about protein structure and protein design.
The recognition by a protein ofa specific sequence ofbases along a strand of double-helical DNA is a key element in many biological phenomena. Perhaps the most important example is in genetic regulation, especially during embryonic development. To fully understand genetic regulation, one must not only identify the regulatory proteins but also understand their affinity for one or more sequences from a very large number present over the whole genome. By engineering hybrid endonucleases of these transcription factors one could not only identify the sequences to which they bind but also their affinity for the various substrate sites. Ultimately, one might be able to target specific genes for destruction within cells by using this approach.
